a r t i c l e s other ABC-F families, and the established activity of GCN20 does not require its ABC domains. ARB1, the second yeast ABC-F, is essential and impairs ribosome biogenesis upon depletion 25 . Human ABC50 (ABC-F1) influences translation initiation at an internal ribosome entry site (IRES) in vitro; consistently with a broader role in translation initiation, a hydrolysis-deficient mutant of ABC50 causes polysome depletion in vivo 18 . In contrast, the E. coli ABC-F protein Uup has been proposed to function in DNA recombination 26, 27 . Nothing is known about the functions of the other E. coli ABC-Fs 28 , which were given the provisional names YbiT, YheS and YjjK during annotation of the E. coli K12 genome ( Fig. 1 and Supplementary Fig. 1 ).
We set out to elucidate the biochemical and physiological functions of E. coli YjjK, using a combination of structural, enzymological and genetic methods. This protein has orthologs in more than half of eubacteria, making it the most widespread of the >20 phylogenetically distinct ABC-F classes in eubacteria. We propose renaming this protein energy-dependent translational throttle A (EttA) on the basis of our results presented below, which demonstrate that it is a translation factor that gates ribosome entry into the translation elongation cycle through a nucleotide-dependent interaction sensitive to ATP/ADP ratio.
Crystal structure of E. coli EttA
We solved the X-ray crystal structure of E. coli EttA by using singlewavelength anomalous diffraction from selenomethionine-labeled protein. This nucleotide-free structure, to our knowledge the first determined for any ABC-F protein, was refined at 2.4-Å resolution to an R free factor of 18.3% (Table 1, Fig. 2a,b and Supplementary  Figs. 1-4) . The asymmetric unit contains a domain-swapped dimer with only minor deviations from two-fold symmetry ( Fig. 2a) . Purified EttA participates in a slowly reversible monomer-dimer equilibrium (Supplementary Fig. 5a ) that favors the monomer at the ~7-µM to 20-µM concentration measured in vivo 29 but the dimer at the ~240-µM concentration used for crystallization. In vitro translation assays presented below suggest that the monomer form of EttA regulates protein synthesis because it is active at a 3-µM concentration at which the monomer predominates in solution ( Supplementary  Fig. 5a ). This inference is confirmed by the results in ref. 30 , which reports the cryo-EM structure of a functional complex of EttA with 70S ribosomes that was generated with equivalent in vitro translation reactions. In the domain-swapped dimer of EttA ( Fig. 2a) , ABC1 from one protomer interacts with ABC2 from the other protomer. The cryo-EM structure of EttA 30 indicates that this ABC1-ABC2 complex (Fig. 2b) , composing half of the dimer structure, represents the active form of EttA.
The tandem ABC domains in EttA are canonical in structure except for one insertion of substantial size in each domain ( Fig. 2a,b and Supplementary Figs. 1 and 2) . These insertions, dubbed the 'arm' in ABC1 and the 'toe' in ABC2, occur in the loop after the first of the three α-helices in the ABCα subdomain, which is the primary site of transmembrane-domain contact in ABC transporters. The arm is a 45-residue α-helical hairpin spanning amino acids 95-139, whereas the toe is a 12-residue antiparallel β-hairpin spanning amino acids 414-423. We hypothesized, on the basis of their structural uniqueness and location, that these structures mediate important functional interactions, an inference verified below for the arm.
We observed in the crystal structure of EttA minor structural variations at two other sites in the ABC domains: at the C terminus of the ABCβ subdomain and in the segment preceding the LSGGQ motif, both of which are frequent sites of structural diversity in ABC proteins 31 . The catalytic motifs in EttA are canonical, with two exceptions. The first is the lack of an aromatic residue in most EttA orthologs at the C terminus of the first β-strand in the ABCβ subdomain of ABC1, at a position where an aromatic residue typically stacks with the A base of ATP (Supplementary Fig. 1) . The second is the substitution of glutamate for glutamine in the LSGGQ motifs in ABC1 of all orthologs and in ABC2 of most orthologs (i.e., making their sequences LSGGE). We found less conservative substitutions at this site in ABC1 in some other ABC-F family members Figure 1 ABC-F phylogeny. Cladogram produced with CLUSTAL-Ω and labeled with Swiss-Prot species codes, showing two bacterial orthologs of EttA (from Agrobacterium tumefaciens and Mycobacterium tuberculosis), one bacterial paralog of EttA (YfmR from Bacillus subtilis), two non-ABC-F family proteins containing tandem ABC domains (eEF3 and ABCE1 from S. cerevisiae) and all ABC-F proteins from E. coli (red), S. cerevisiae (cyan), A. thaliana (purple) and Homo sapiens (blue). All of these ABC-F proteins, but neither eEF3 nor ABCE1, contain the PF12848 domain in addition to tandem ABC domains. a r t i c l e s ( Supplementary Fig. 1 ). Structural superposition demonstrates that ABC1 and ABC2 of EttA are slightly more closely related to each other than to other ABC domains but that they are not more closely related to eEF3 and ABCE1 than to several transmembrane transporters ( Supplementary Table 1 ).
As previously observed in other nucleotide-free ABC superfamily structures 32, 33 , ABC1 and ABC2 of EttA interact in an 'open' conformation in which their ATP-binding sites are both positioned in a deep groove at their mutual interface. However, the Walker A and LSGGE motifs are too far apart to tightly encapsulate ATP in the inter-ABC interface. Their F1-like ATP-binding cores would need to rotate by 44° (as modeled in Fig. 2c and Supplementary Fig. 3a ) to bring them into the closed, catalytically active ATP-sandwich dimer conformation adopted by ABC domains upon binding ATP [3] [4] [5] . Furthermore, within each domain, the ABCα subdomain is rotated away from its ATP-binding core by 18-20° relative to the canonical ATP-binding conformation ( Supplementary Fig. 3b,c) . The observed deviations from this conformation are all characteristic of nucleotide-free ABCdomain structures 34, 35 .
The 81-residue linker between the ABC domains in EttA is a unique feature of ABC-Fs that Pfam 22 identifies as conserved domain PF12848. We designate it as the 'P-site tRNA-interaction motif ' (PtIM) on the basis of the cryo-EM structure of ribosome-bound EttA 30 , which shows a monomer of EttA making extensive interactions with the ribosomal E site and an initiator tRNA in the ribosomal peptidyl-tRNA-binding (P) site 30 . The first half of the PtIM forms an ~50-Å-long extension of the C-terminal α-helix in the ATP-binding core of ABC1. In the crystal structure of EttA, the second half of the PtIM forms a pair of shorter α-helices that pack onto ABC2 ( Fig. 2a,b and Supplementary Fig. 4a ). These α-helices are followed by seven residues (residues 311-317) that pack into a deep groove between the ABCα and F1-like core subdomains of ABC2 on the surface opposite its interface with ABC1. (We describe possible functional implications of this interaction in Supplementary Fig. 4b.) Approximately 3,500 Å 2 of solvent-accessible surface area per protomer is buried in the interface of the domain-swapped dimer of EttA in the asymmetric unit of its crystal structure ( Fig. 2a) . One-quarter of this interface (~920 Å 2 ) comes from a reciprocal packing interaction between the first α-helix in the PtIM in each of the two protomers, and this interaction prevents the PtIM in the EttA dimer from adopting the α-helical hairpin configuration that interacts with ribosomes 30 (Supplementary Fig. 4) . A single rigid-body rotation simultaneously brings the ATP-binding cores of both ABC1-ABC2 domain pairs into the canonical ATP-sandwich conformation (Supplementary Fig. 3d ). This result suggests that the EttA dimer might be able to bind four ATP molecules cooperatively, although experimental evidence of such cooperativity has not yet been obtained. This dimer could represent an inactive form that buffers the active monomer pool at high EttA concentrations, but further investigation will be required to understand whether the dimer has a physiological function. npg a r t i c l e s
EttA-EQ 2 stops cell growth by inhibiting protein synthesis
Guided by the crystal structure, we designed two EttA mutants for physiological studies. EttA-EQ 2 contains dual glutamate-to-glutamine substitutions in the catalytic bases following the Walker B motifs in both ABC domains (Glu188 and Glu470). On the basis of results with other ABC ATPases 5,33,36 , these substitutions prevent ATP hydrolysis and trap EttA in its ATP-bound conformation. The other designed mutant, EttA-∆arm, deletes the arm motif, a unique structural feature in ABC1 of ABC-Fs. We used a tightly controlled arabinose-dependent promoter to induce expression of EttA-EQ 2 in E. coli MG1655 cells, which resulted in arrest of growth either in the absence (Fig. 3a) or presence (data not shown) of a deletion of the endogenous ettA (official symbol yjjK) gene. In contrast, induction of wild-type EttA (WT EttA), EttA-∆arm or EttA-∆arm-EQ 2 had no effect on growth. Abrogation of the toxicity of EttA-EQ 2 upon deletion of the arm supports our inference that this motif contributes to ABC-F function.
In vivo pulse-chase experiments using radiolabeled substrates for protein synthesis, RNA transcription or DNA replication demonstrate that induction of EttA-EQ 2 rapidly inhibits protein synthesis (Fig. 3b) . The slower and weaker inhibition of synthesis of RNA and DNA suggests that these effects are secondary to inhibition of protein synthesis. Indeed, purified EttA-EQ 2 , but not WT EttA, EttA-∆arm or EttA-∆arm-EQ 2 , inhibited in vitro translation of a luciferase reporter mRNA ( Supplementary Fig. 6a,b) . Immunoblot analyses of fractions from sucrose density gradient ultracentrifugation of ribosomes from E. coli MG1655 cells ( Supplementary Fig. 5b ) showed that endogenous WT EttA cofractionates with both 70S ribosomes (monosomes) and polyribosomes (polysomes). Equivalent analyses conducted 30 min after induction of EttA-EQ 2 revealed a decrease in polysomes relative to monosomes ( Fig. 3c) . These observations suggest that the ATPbound conformation of EttA, as trapped by the EQ 2 mutations, inhibits protein synthesis after formation of the 70S ribosomal initiation complex (70S IC) but before its entry into the elongation cycle. In vitro translation experiments on a single mRNA using radiolabeled [ 35 S]methionine support this conclusion ( Supplementary Fig. 6c ).
EttA-EQ 2 -ATP traps ribosomes after formation of the first peptide bond
We used a purified in vitro translation system 37 to demonstrate that EttA-EQ 2 specifically inhibits protein synthesis after formation of the first peptide bond ( Fig. 4 and Supplementary Fig. 7) . We preformed a 70S IC by incubating translation initiation factors 1, 2 and 3 with 70S ribosomes, then adding a model mRNA and subsequently [ 35 S]fMet-tRNA fMet . The model mRNA, previously used for enzymological studies of ribosome-catalyzed protein synthesis 37, 38 , contains a Shine-Dalgarno sequence, initial codons encoding an fMet-Phe-Lys-Glu (fMFKE) tetrapeptide and 16 additional codons to fill the ribosomal mRNA-binding channel. After 70S IC formation, we conducted translation elongation reactions in a buffer containing 0.6 mM ATP in addition to 1 mM GTP, the latter nucleotide being required for proper function of elongation factors EF-Tu and EF-G. We analyzed reaction products by using electrophoretic thin-layer chromatography (eTLC), which separates unreacted [ 35 S]fMet amino acid substrate and di-, tri-and tetrapeptide products 39 . We performed tripeptide synthesis in reactions initiated by addition of a mixture containing EF-Tu, EF-Ts, Phe-tRNA Phe and Lys-tRNA Lys to the preformed 70S IC and subsequent addition of EF-G ( Fig. 4a) . When EttA is omitted or WT EttA is added at the same time as EF-G, an fMFK tripeptide is synthesized efficiently before the translating ribosome stalls at the fourth codon, owing to the absence of a cognate Glu-tRNA Glu (Fig. 4a) . In contrast, addition of EttA-EQ 2 at the same time as EF-G strongly inhibits translation elongation after formation of the first peptide bond, thus resulting in a reduction in fMFK tripeptide yield and accumulation of fMF dipeptide (Fig. 4a) . This observation reveals that EttA-EQ 2 , which should be locked in the ATP-bound conformation, blocked translation after the first aminoacyl-tRNA was incorporated into the A site and participated in peptide-bond formation at the peptidyl transferase center (PTC) but before a second round of peptide-bond formation. We obtained the same result when EttA-EQ 2 was added before 70S IC formation ( Supplementary Fig. 7a ), demonstrating that 70S IC formation is not inhibited by EttA-EQ 2 .
We used variations in the assay protocol to pinpoint the step at which EttA-EQ 2 inhibits the elongation cycle. To test whether inhibition occurs before the first round of EF-G-catalyzed translocation 40,41 on the mRNA template, we varied the order of addition of the components needed to elongate the fMF dipeptide (Fig. 4b,c and Supplementary Fig. 7b) , which accumulates in a reaction that proceeds for 1 min in the absence of EF-G and Lys-tRNA Lys ( Fig. 4b,c ). Subsequent addition of EF-G together with Lys-tRNA Lys and Glu-tRNA Glu resulted in extension of the fMF dipeptide into an fMFKE tetrapeptide (Fig. 4b,c) , thus demonstrating that the fMF dipeptide product remains covalently attached to tRNA Phe in the A site of the ribosomal pretranslocation complex. Addition of EttA-EQ 2 before EF-G, Lys-tRNA Lys and Glu-tRNA Glu showed almost complete inhibition of the extension of the fMF dipeptide ( Fig. 4b) . In contrast, we observed much weaker inhibition when EttA-EQ 2 was added simultaneously with (Fig. 4c ) or subsequently to ( Supplementary Fig. 7b Figure 4 EttA-EQ 2 inhibits translation after formation of the first peptide bond. (a-c) Autoradiograms (right) of eTLC plates used to separate reaction products from minimum in vitro translation assays performed as illustrated in the schematics (left), using an mRNA template encoding an fMet-Phe-Lys-Glu (fMFKE) tetrapeptide. Assays were conducted at 37° C in Polymix buffer containing 3.5 mM Mg(OAc) 2 , 0.5 mM ATP, 1.0 mM GTP and a phosphoenolpyruvate-based energy-regenerating system. As indicated in the schematics, in a, after 70S IC formation, either buffer or 2.5 µM WT EttA or EttA-EQ 2 was added in parallel with the elongation factors, Phe-tRNA Phe and Lys-tRNA Lys . In b, after formation of the 70S IC and subsequent addition of EF-Tu, EF-Ts and Phe-tRNA Phe to drive synthesis of the first peptide bond, either buffer or EttA-EQ 2 was added 1 min later, and the reaction proceeded for 30 s before addition of EF-G, Lys-tRNA Lys and Glu-tRNA Glu to enable tetrapeptide synthesis. In c, the same protocol as in b was used, but, to determine whether EF-G and EttA-EQ 2 kinetically compete, EF-G was added in parallel with buffer or EttA-EQ 2 1 min after addition of EF-Tu, EF-Ts and Phe-tRNA Phe ; 30 s later, Lys-tRNA Lys and Glu-tRNA Glu were added to enable tetrapeptide synthesis. Uncropped images are shown in Supplementary Figure 9 . (s)  40  60  120  20  30  40  60  120  20  30  40  60  120  20  30  40  60  120  20 30
Time: (s)  40  60  120  20  30  40  60  120  20  30  40  60  120  20  30  40  60  120  20 30 npg a r t i c l e s EF-G, Lys-tRNA Lys and Glu-tRNA Glu . These results demonstrate that EttA-EQ 2 and EF-G kinetically compete for interaction with the ribosomal pretranslocation complex carrying deacylated tRNA fMet in the P site and fMF-tRNA Phe in the A site.
Remarkably, fMFKE-tetrapeptide synthesis reactions do not show accumulation of fMFK tripeptide, even when ~50% of fMFKE synthesis is inhibited by EttA-EQ 2 ( Fig. 4c and Supplementary Fig. 7b) . Therefore, although it strongly inhibits extension of the fMF dipeptide into an fMFK tripeptide, EttA-EQ 2 does not significantly inhibit extension of the fMFK tripeptide into an fMFKE tetrapeptide. These observations demonstrate that EttA-EQ 2 is specific for ribosomal complexes that have cleared the initiation stage of protein synthesis but have not yet undergone the first round of EF-G-catalyzed translocation 40, 41 .
EttA prevents peptide-bond formation in the presence of ADP
We further varied the assay protocol to evaluate whether WT EttA's activity is influenced by alterations in ATP/ADP ratio, a parameter that tracks cellular energy supply. WT EttA, like most ABC ATPases 42 , interacts in an approximately equivalent manner with A and G nucleotides (unpublished data, G.B. and J.F.H.), whereas the essential GTPase translation factors are specific for G 43 . Therefore, we reduced the concentration of GTP used in our in vitro translations from 1 mM to 300 µM so as to enable the addition of physiologically relevant concentrations of ADP and ATP to produce substantial variations in the ratio of nucleotide triphosphates (NTPs) to nucleotide diphosphates (NDPs). (We use the term ATP/ADP ratio in this manuscript as shorthand for the NTP/NDP ratio because these ratios track each other in E. coli [44] [45] [46] [47] [48] ).
WT EttA produces a small, but reproducible, stimulation of fMFK formation in tripeptide synthesis assays in 300 µM GTP and 1.2 mM ATP (Fig. 5a) . In contrast, WT EttA produces an appreciable kinetic inhibition of formation of fMK dipeptide and fMFK tripeptide in equivalent assays in the presence of the same concentration of GTP but with 0.6 mM ADP substituted for 1.2 mM ATP (Fig. 5a,b) . Because dipeptide synthesis must precede tripeptide synthesis, and WT EttA kinetically inhibits both, we infer that the protein inhibits fMF dipeptide synthesis in the presence of ADP. These results contrast with those presented above demonstrating that, in the presence of ATP, EttA-EQ 2 allows fMF dipeptide synthesis while specifically inhibiting fMFK tripeptide synthesis ( Fig. 4) . Analysis of our cryo-EM structure 30 confirms that ribosome-bound EttA-EQ 2 is trapped in an ATP-bound conformation in the presence of ATP. Therefore, the contrasting results observed in our in vitro translation experiments conducted with WT EttA-ADP compared to EttA-EQ 2 -ATP indicate important differences in the functional interactions of EttA with translating ribosomes, depending on the relative concentrations of ADP versus ATP. This inference is supported by single-molecule fluorescence resonance energy transfer (smFRET) experiments showing modest but statistically significant differences in the influence of EttA on the structure and dynamics of the ribosomal L1 stalk in the presence of ADP versus ATP (Supplementary Fig. 8) . These experiments used a donor fluorophore at the base of the L1 stalk and an acceptor fluorophore at its apical tip (smFRET L1-L9 ) 49 . In the presence of ATP, EttA-EQ 2 increases the mean FRET efficiency (E FRET ), thus suggesting a decrease in mean donor-acceptor separation consistent with our cryo-EM structure 30 . WT EttA produces a similar but smaller increase in E FRET in the presence of ATP, presumably reflecting a mixed population of free and EttA-bound 70S ICs, owing to transient interaction of ATP-bound EttA before dissociation induced by ATP hydrolysis. In contrast, in the presence of ADP, WT EttA produces a small decrease in E FRET , thus suggesting an increase in mean donor-acceptor separation. This change in E FRET in the opposite direction from that observed in the presence of ATP demonstrates that EttA modulates the structure or dynamics of the L1 stalk differently in the presence of ATP versus ADP.
Importantly, inhibition of protein synthesis by WT EttA in the presence of 0.6 mM ADP is relieved when 1.2 mM of protein synthesis ATP is simultaneously included in in vitro translation reactions (Fig. 5a) . Therefore, the ADP/ATP ratio controls WT EttA activity, and a superstoichiometric ratio of ATP relieves ADP-dependent inhibition of protein synthesis by EttA. These observations suggest that an elevated cellular ADP/ATP ratio, as found in energy-depleted cells 44, 50 , will cause EttA to stabilize 70S ICs in a 'hibernating' conformation that prevents commitment of metabolic resources to synthesis of incomplete proteins. This hypothesis, based on our in vitro enzymological studies, suggests that EttA could have a substantial role in controlling protein synthesis in stationaryphase cells, in which the rates of protein synthesis and cell growth [51] [52] [53] [54] decline, owing to depletion of nutritional and energetic resources.
DettA impairs fitness in long-term stationary phase
Consistently with this hypothesis, western blots demonstrate that EttA expression increases in stationary phase (Supplementary Fig. 5c) , when there is a declining ATP/ADP ratio 44, 50, 53 . Increasing expression should promote formation of EttA-bound, hibernating 70S ICs poised to rapidly resume protein synthesis when energy, in the form of ATP, becomes available again. Therefore, we investigated whether EttA influences fitness when growth in fresh LB medium is resumed out of stationary phase. Indeed, ∆ettA E. coli exhibited a progressively more severe competitive disadvantage as we extended residency in stationary phase from 1 to 6 d ( Fig. 6a) before restarting growth. This defect was complemented by expression of WT EttA or hexahistidine (His 6 )-EttA (Fig. 6b,c) but not EttA-∆arm (Fig. 6c) . 3 The parallel effects of the ∆arm mutation in abrogating the inhibition of in vitro translation by EttA-EQ 2 and in eliminating the in vivo fitness advantage conferred by WT EttA supports the hypothesis that this advantage derives from the functional interaction of EttA with ribosomes.
DISCUSSION
Our biochemical results demonstrate that EttA, the most widely distributed ABC-F protein among eubacteria, is a new translation factor that controls the progression of 70S ICs into the translation elongation cycle by using a mechanism sensitive to the ATP/ADP ratio. We also present genetic experiments showing that knockout of the ettA gene produces a severe fitness defect in E. coli in long-term stationary phase (Fig. 6) . This observation supports the hypothesis that EttA contributes to regulating the commitment of metabolic resources to protein synthesis and to preventing the synthesis of incomplete proteins in energy-depleted cells.
Our results, combined with those in ref. 30 and published work on ABC ATPases [3] [4] [5] , support a straightforward model for the interaction of ATP-bound EttA with the 70S IC ( Fig. 7) , although several alternative models outlined below could explain the more complex influence of ADP on this interaction. The ATP-hydrolysis cycle of ABC ATPases, like that of other NTPases, involves orderly progression through a series of conformational states coupled to ATP binding, ATP hydrolysis and release of the products (ADP and inorganic phosphate). As observed for other ABC ATPases 3-5 , EttA's two ABC domains adopt an open conformation in the absence of bound nucleotide, as visualized in our nucleotide-free X-ray crystal structure of WT EttA (Fig. 1a,b) in which the ATP-binding site in each ABC domain faces the other ABC domain without directly contacting it (Fig. 1a,b) . Binding of two ATP molecules to these sites closes the interface between the ABC domains to produce a more compact conformation with greatly increased affinity for the 70S IC, as visualized in the cryo-EM structure of ATP-bound EttA-EQ 2 reported in ref. 30 . This structure shows EttA bound in the E site of the ribosome, where its arm motif contacts the L1 stalk of the large ribosomal subunit, and its PtIM interacts with the acceptor stem of a P-site-bound deacylated initiator tRNA fMet . The small but reproducible stimulation of dipeptide synthesis by WT EttA in the presence of ATP (Fig. 5) suggests that ATPbound EttA stabilizes the ribosome in a conformation that promotes peptide-bond formation in the PTC. Interaction with the ribosome, in turn, stimulates ATP hydrolysis by EttA (Supplementary Fig. 5b) , and this reaction triggers release of EttA from the ribosome and entry of the ribosome into the translation elongation cycle. By blocking ATP hydrolysis, the EQ 2 mutations in EttA trap the protein in the otherwise transient ATP-bound state and consequently block its release from the ribosome. In WT EttA, transient electrostatic forces generated during ATP hydrolysis may accelerate this release process. Once engaged in the translation elongation cycle, the ribosome becomes resistant to the rebinding of EttA ( Fig. 4 and Supplementary Fig. 6c ), presumably either owing to EttA having reduced affinity for elongator tRNAs compared to the initiator tRNA fMet in the P site or owing to deacylated tRNAs passing through and blocking the E site as they exit the translating ribosome.
Our data show that WT EttA has a qualitatively different effect on translation in the presence of ADP compared to the effects of either WT EttA or EttA-EQ 2 in the presence of ATP ( Figs. 4 and 5) .
In the presence of ADP, WT EttA inhibits synthesis of the first peptide bond by the 70S IC rather than promoting this reaction or trapping its product, as observed in the presence of ATP for WT EttA and EttA-EQ 2 , respectively. Several models could explain this alternative activity in the presence of ADP compared to ATP. One possibility is that ADP interacts with the ribosome to alter its interaction with EttA, whereas an alternative possibility is that ADP binds to one or both of the ATPase active sites in EttA, thus resulting in an altered conformation that still binds to the 70S IC but stabilizes it in a conformation that inhibits rather than promotes formation of the first peptide. There are several possible explanations for the different behavior of EttA upon direct binding of ADP compared to its behavior in the posthydrolysis complex with ADP formed after binding and hydrolyzing ATP. A related mechanistic issue concerns the question of whether there is functional asymmetry between the two ATPase active sites in EttA. These issues are addressed in the Supplementary Note.
Additional studies will be required to understand how EttA interacts with other cellular systems regulating protein synthesis in stationary phase. A key contributor is likely to be the coupled reductions in GTP/GDP and ATP/ADP ratios in energydepleted cells (a phenomenon mediated by the phosphotransferase activities of nucleoside diphosphate kinase and adenylate kinase [45] [46] [47] [48] ). GDP exerts strong feedback inhibition of most of the essential GTPase translation factors 55 , and this effect will reduce the rates of both initiation and elongation in energy-depleted cells. This baseline metabolic effect should amplify the activity of EttA and the other proteins that modulate In the presence of ADP, EttA inhibits formation of the first peptide bond (Fig. 5b) ; this may be mediated by stabilization of the 70S IC in a hibernating state by ADP-bound EttA (described in main text). In contrast, ATP-bound EttA stimulates the formation of the first peptide bond by the ribosome and then, concomitantly with ATP hydrolysis, dissociates from the ribosome, thereby allowing it to enter the elongation cycle. P i , inorganic phosphate. npg a r t i c l e s protein translation in stressed and energy-depleted cells. These include some toxin-antitoxin systems 56, 57 , the ribosomal silencing factor 58 (RsfA) protein and the ribosome modulation factor (RMF) protein 59, 60 . Toxin-antitoxin systems improve survival under stress conditions by inhibiting critical physiological processes including protein synthesis 57 . RsfA, which has a phylogenetic distribution as broad as that of EttA, inhibits translation in stationary phase by preventing the joining of the large and small ribosomal subunits to form the 70S IC 58 . RMF, which has a narrow phylogenetic distribution that is limited to proteobacteria, drives dimerization of 70S ribosomes in stationary phase to form inactive 100S diribosome complexes 59, 60 . Although experiments focused on each of these factors individually have shown that they can contribute to controlling protein synthesis in energy-depleted cells, the manner in which they interact under different metabolic and environmental conditions is not understood.
The biochemical properties of EttA raise intriguing possibilities for regulation of protein synthesis in response to such environmental variations. The observation that EttA targets a 70S IC poised to translate a bound mRNA suggests that it could act preferentially on mRNAs encoding specific target proteins 18 , whereas specificity seems unlikely for the other factors that regulate protein synthesis in energy-depleted cells. If EttA does have such specificity, its activity inhibiting entry into the translational elongation cycle at high ADP concentration ( Fig. 5) can attenuate the expression of specific proteins under conditions of energy depletion while simultaneously preparing them for rapid synthesis when energy levels return to normal. Such targeted hibernation activity would enable EttA and potentially other ABC-Fs 18 to influence cellular fitness not only under conditions of energy deprivation but also in an anticipatory manner upon resumption of growth. ABC-Fs could thereby provide a powerful mechanism for differential control of the translation of specific proteins not only under conditions of growth limitation but also at the time of growth reinitiation. In this context, we note that, in the presence of ATP, E. coli YbiT-EQ 2 interacts with ribosomes in vitro in a similar manner to that of EttA-EQ 2 (unpublished data, G.B., R.L.G. and J.F.H.).
Our results establish a technical foundation for broader and deeper studies of ABC-F proteins. The fact that these proteins have evaded detailed functional characterization until now, despite their great phylogenetic prevalence and diversity, suggests that substantial gaps remain in understanding of the physiology and systems biology of protein synthesis.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes.
Coordinates of the X-ray structure of EttA have been deposited in the Protein Data Bank, under accession code 4FIN. 
ONLINE METHODS
The Supplementary Note documents protein purification, crystallization, methods used in this paper and methods used in the experiments presented in Supplementary Figures 1-9 .
Bacterial strains. Standard E. coli strains for cloning (DH5α) and protein expression (BL21(λDE3) and B834) were obtained from commercial vendors. Strains MG1655 (sequenced WT strain) and FB21853 (MG1655 yjjKøTn5) were purchased from the E. coli Genome Project at the University of Wisconsin (http://www.genome.wisc.edu/). All other strains were purchased from the E. coli Genetic Stock Center at Yale University 61 or constructed in the course of these studies. Genetic and physiological assays were performed with E. coli K12 strain MG1655 or derivates. Because we found that strain FB21853 is not isogenic to the sequenced WT strain MG1655, we reconstructed MG1655 yjjKøTn5 by P1 transduction 62 of the yjjKøTn5 locus from strain FB21853 into the sequenced WT strain MG1655. The resulting strain, designated ettAøTn5, was used for the early phases of the work reported in this paper. The interruption of the ettA gene in this strain was verified by western blot with an antibody against the EttA protein (raised as described below). We also built a strain deleted of yjjK/ettA that did not carry any antibiotic resistance, by using the procedure developed by Datsenko and Wanner 63 . Briefly, the strain deleted for yjjK in the Keio collection 64 (JW4354-1, CGSC no. 11108) was used as a template to generate the PCR product to mutate the MG1655 strain by amplification of the yjjK/ettA locus with primers 400 pb upstream and downstream of the locus. This PCR product was electroporated in the MG1655 strain carrying the pKD46, the transformed strain was cured of the pKD46 plasmid and the insertion of the PCR product in the genome at the good locus was verified by PCR. The positive strain was cured of the pKD46 plasmid and transformed with the FLP helper plasmid pCP20. The resulting colonies were screened for the flip-out of the kanamycin marker by PCR. The verified strain was cured of the pCP20 plasmid and used for the fitness experiment. This strain is referred to as ∆ettA. All the constructs were verified by PCR and sequencing of the modified locus.
Plasmids. The gene encoding EttA (YjjK) was amplified by PCR with MG1655 genomic DNA as a template with 5′ primer containing the NcoI restriction site and six codons encoding histidine in front of the initiator GTG codon, which was replaced by an ATG codon. The 3′ primer used for this PCR had the stop codon of yjjK followed by an XhoI restriction site. This PCR product was cloned into the pBAD/Myc-HisA vector (Invitrogen) with the restriction enzymes NcoI and XhoI (Fermentas). The resulting plasmid was called pBAD-His 6 -ettA. For the plasmid pBAD-ettA, which expressed the native protein without tag, the same procedure was used but with a 5′ primer that does not encode the His 6 tag. The plasmid expressing the EttA E188Q mutant was made by QuikChange II site-directed mutagenesis (Agilent Technologies) with primers that replaced the codon of the Glu188 with a glutamine and used the pBAD-ettA plasmid as template. The resulting plasmid was verified and named pBAD-ettA-E188Q. The plasmid expressing the EttA-EQ 2 was made with the same technique with primers, which replaced the codon of the Glu470 with a glutamine and the pBAD-ettA-E188Q as template; the resulting plasmid was named pBAD-ettA-EQ 2 . The deletion of the arm domain (plasmid pBAD-ettA-∆arm) was also done by QuikChange with the pBAD-ettA as template and primer designed to substitute the three-residue sequence GGS for residues 96 to 141 in the native EttA sequence (EVVNALKRLDEVYALYADPDADF DKLAAEQGRLEEIIQAHDGHN LN). The plasmid pBAD-ettA-EQ 2 -∆arm was created with the same approach, but with the plasmid pBAD-ettA-EQ 2 as template. The same constructs, expressing a histidine-tagged protein, were made similarly, but with the pBAD-His 6 -ettA as starting plasmid. For structure determination, the yjjK/ettA gene was inserted into vector pET28c (EMD Biosciences) at the NcoI and XhoI restriction sites so as to express the fulllength protein with no additional tags or amino acids. All the plasmids were verified by DNA sequencing.
Bacterial growth media. Bacteria were cultivated in LB medium (Affymetrix/USB). Ampicillin was added at 100 µg/ml for cultures containing pBAD-based plasmids. Kanamycin was added at 25 µg/ml for the mutant construct.
Estimation of EttA concentration in vivo. The quantitative proteomics study of Lu et al. 29 reports the concentration of EttA (YjjK) to be 2,167 molecules per cell during exponential growth in glucose minimal medium, which corresponds to 7 µM protomer (assuming an average cell volume 65 of 4.96 × 10 −16 L). We have verified by western blot analysis that the expression level of EttA is similar in exponential phase in glucose minimal medium or LB (unpublished data, G.B. and J.F.H.). The western blot data presented in Supplementary  Figure 5c shows that EttA expression increases after 24 h of growth, to a level approximately three-fold higher than in exponential phase. Therefore, on the basis of the calibration described above, the EttA concentration in stationary phase is ~21 µM.
Crystallization, X-ray data collection and structure determination. Crystals of EttA (either native or selenomethionine derivatized) regularly exhibited streaked and highly mosaic diffraction. Out of hundreds of crystals screened, a single selenomethionine crystal showed diffraction convincingly beyond 3 Å with a rotating anode X-ray source. Data from this crystal were collected on NSLS beamline X12C with a Brandeis-B4 detector, a Nonius/Bruker diffractometer (c. 1999), an ambient temperature of 130 K and a wavelength corresponding to maximum f′ as measured by an online fluorescence scan (0.97961 Å). A total of 529 frames of 1° oscillation images were processed with DENZO and merged with SCALEPACK with the 'no merge original index' and 'scale anomalous' options 66 . The resulting data set was highly redundant and complete to a limiting resolution of 2.4 Å ( Table 1 ) and, on the basis of a solvent content of 50%, was expected to contain two EttA protomers per asymmetric unit. The resulting data set was analyzed with the 'SAD' option in SOLVE version 2.03 (ref. 67) with a limiting resolution of 3.0 Å. The anomalous signal-to-noise ratio for this data set was estimated at only 0.64. Nonetheless, SOLVE identified 18 selenium sites that obeyed two-fold rotational noncrystallographic symmetry (NCS). However, the resulting electron density maps were uninterpretable. Inversion of the site pattern and recalculation of phases, followed by extensive solvent flattening in RESOLVE 68 , did produce an interpretable electron density map. The protein model was built by hand with O 69 and initially refined in CNS 70 with standard procedures along with NCS restraints. Further iterative refinement and rebuilding were carried out with PHENIX 71 and Coot 72 , respectively. Refinement in PHENIX was carried out with the same set of 'free' reflections as had been used in CNS, but NCS restraints were not applied. The final model of EttA contained 1,065 protein residues in two chains (six alternate conformations), 11 sulfate ions, 1 citrate ion, 1 triethyleneglycol molecule, 9 molecules of glycerol and 396 waters. The model refined to R/R free values of 18.3% and 24.3%, respectively, with a Wilson B factor of 27.7, no Ramachandran outliers, 98.3% and 1.7% of residues in most-favored and additionally allowed regions, and excellent geometry throughout ( Table 1) . The two molecules are related to each other by a rotation of 180° about an axis parallel to the crystallographic C axis. The two protomers differ only slightly when superimposed with an r.m.s. deviation of 1.23 Å for 95% of common atoms. Structural analysis was carried out with CCP4 (ref. 73 ) and the Uppsala Software Factory suites 74 . Structure figures for EttA were produced in PyMOL (http://www.pymol.org/). Coordinates for E. coli EttA are deposited in the Protein Data Bank under accession code 4FIN. Figure 2c were based on leastsquares superposition of the ABCβ and F1-like core subdomains in one ABC domain of EttA with one corresponding region of one protomer in the MJ0706 ATP-sandwich dimer 5 . ATP molecules from the MJ0796 dimer are shown in gray space-filling representation.
Structural superposition. Alignments in
In vivo assays of DNA, RNA and protein synthesis. MG1655 cells containing pBAD-ettA or pBAD-ettA-EQ 2 plasmids were grown at 37 °C in M9 glycerol minimal medium with 0.1 mg/ml of amino acid (minus methionine and cysteine) to an OD 600 of ~0.2 before induction of EttA expression with 0.2% l-arabinose (at zero time on these graphs). Control cultures were done the same way without l-arabinose. [ 35 
